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Abstract 
 
This paper presents a new dynamic physical energy model of building for simulating the energy demand of cities. 
Firstly, a justification it is given regarding the necessity of a new building model and the advantages of using 
modular building simulation when dealing with large numbers of buildings in an urban context. The main 
motivation was a flexible and very modular interaction of 3D urban geometry description with the CityGML data 
format and energy related attributes for building parts. 
The paper then presents the modular dynamic building model and its validation with a real case of study for single 
buildings. 
The model integration into an urban modeling platform named SimStadt is explained with the necessary input data 
for a city heat demand calculation. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
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1. Introduction 
 
The energy consumption in the building sector for heating and cooling worldwide amounts to more than one third 
of the total [1], where the building stock certainly plays the most important role. 
Many people are therefore working on how to improve building energy systems’ efficiency and how to reduce the 
use of conventional energy resources and CO2 emissions. One trend is increase network based energy distribution 
systems instead of individual supply for each building. 
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Understanding urban energy consumption is vital to address energy issues and climate change. The simulation of 
urban energy consumption linked with the energy supply systems is an appropriate way of improving this 
understanding. The calculus of each individual building´s demand inside the urban zone can strongly support this 
analysis. 
Many different models have been developed and implemented in software tools to estimate the energy consumption 
in buildings using either statistical or physical methods [2]. The nodal method, a physical method used to determinate 
the total energy consumption or the average indoor temperature and the cooling or heating load, has some interesting 
advantages as it is capable to calculate multiple zone buildings in a reasonable computation time with an easy 
implementation; the big drawback is that it is really difficult to study large volume systems [3]. In fact, a common 
problem found for most of the software is the limited data availability and how tedious is to set the parameters in the 
model, which in most cases means the highest time consumption [4,5,6]. This gets even worse when trying to calculate 
the urban energy demand that comprises several hundreds of buildings. Therefore, a new method to easy calculate 
urban energy demand is required. 
In this paper, a modular physical building model is presented. The modularity of the physical model makes it  very 
easy to connect it with urban geometry data models in the CityGML standard [7]. The urban simulation platform 
SimStadt developed by the authors [8] now allows the automation of the definition and parameter setting of the 
building model. Thus, a significant amount of time and effort is saved. Moreover, automation reduces errors and 
mismatches in the whole process. The definition of a large amount of buildings is then much easier to do. 
 
2. The modular physical building model 
 
2.1. Methodology 
 
The building physical model has been developed in INSEL8 [9] using different blocks to define the thermal 
behavior of the building components in the most modular way. The main features of the building simulation blocks 
are the following: 
 
x Room air block: calculates a one node air temperature in the room or the cooling and heating demand, taking into 
account all internal gains, the air exchange rate and the convective exchange with the surfaces using the energy 
balance and an explicit numerical solution. 
x Internal and external walls: the Finite-Difference Approximation Method [10] is used to calculate the temperature 
profiles throughout the walls as well as the surface temperature of both sides of the wall on each time step as 
function of the energy fluxes from convection and short and longwave radiation. 
The temperature within the material is calculated in the boundary nodes separating layers with the stability 
criterium adjusting the time step for given layer thicknesses. Finally, the convective heat exchange with the room 
air temperature node is calculated following the Newton’s law of cooling. 
x Windows: are treated as the walls for the calculus of the heat transfer, and includes the calculus of the short wave 
radiation that passes through it using the angle dependent total energy transmission ‘g-factor. 
x Internal long wave radiant heat exchange between walls: calculates the radiant heat exchange between the 
surfaces depending on their temperature and the form factors. The form factors are numerically calculated in the 
block dividing the surfaces in small pieces. 
x Internal distribution of solar radiation through the windows: assigns a fraction of the radiation that enters the 
room to each surface. 
x The effect of the urban shape on the radiation that reaches the building is not calculated in the building physical 
model but obtained from the 3D city model geometry pre-processing. Shading time series and other climatic data 
(temperature, wind speed or wind direction) are as well inputs to the building physical model. 
x The internal gains are also considered as inputs for the physical model, provided by the Building Physics and 
Usage Preprocessor. 
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By dividing the building physical model in this separate elements (blocks), the connection with the cityGML data 
model can be done quasi-directly. Thus, the assignment of the parameters and inputs of each block can be done 
automatically. 
 
Fig. 1. Example of parameters in a one-zone building model 
 
The next table shows the correspondence of the elements of both, the data model and the physical model. 
 
Table 1. Correspondence from objects of the Data model to elements of the Physical model 
 
 
Physical model Data model 
 
 
Room air ThermalZone + UsageZone 
Internal long wave radiant heat exchange between walls  ThermalZone 
 
Internal distribution of solar radiation through the windows ThermalZone 
 
 
Wall ThermalBoundarySurface 
 
 
Window ThermalBoundarySurface 
 
 
 
2.2. Validation of the physical model 
 
To ensure the good results provided by the physical model, a comprehensive full-scale building experiment carried 
out within the scope of IEA Annex 58 subtask 4, at the Fraunhofer test site (Holzkirchen, Germany) was used to test 
it. This experiment was undertaken on two buildings with identical constructions, the so called Twin Houses N2 and 
O5 in Holzkirchen, Germany. 
The experiment, conducted in August and September 2013 was a sideǦbyǦside experiment, with external roller 
blinds down on the south facing windows of one building (N2) and fully up on the other (O5). A high mechanical 
ventilation rate was used. For the heating system, just electric convector heaters were used. 
The twin houses have seven rooms. The three facing North [Küche (room 2), Flur (room 1) and Schlafen (room 6)] 
are completely isolated from the others by sealing the doors. The Southern rooms [Wohnen (room 3), Flur (room 7), 
Bad WC (room 5) and Schlafen (room 4)] are fully connected. There are no doors between them and a mechanical 
ventilation was installed with a supply point in the north-west corner of room 3 and two extract points in the south- 
east corners of the rooms 4 and 5 respectively. Therefore, a four room building model was defined. 
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Figure 1 shows the cross section of Twin houses and the simplification carried out in the model: 
 
 
Fig. 2. Cross section of Twin house 
 
The temperature of each room inside each house has been calculated with the building model. They have been 
compared with the measurements over the complete period using the same weather data and internal gains profiles 
provided by the authors of the experiment. 
The temperature errors measured in °C for the forty days of the experiment can be seen in the following figures for 
both cases. To compare the results of room 3 of the model, the mean temperature of rooms 3, 4, 5 and 7 have been 
used. 
 
 
Fig. 3. Temperature errors blinds down (°C) 
 
 
Fig. 4. Temperature errors blinds up (°C) 
 
3. Integration in the urban simulation platform SimStadt 
 
Once the model has been tested, it is ready to be integrated into the new urban energy simulation platform SimStadt 
in order to automatize the calculus of the thermal energy demand. This automation allows massive calculus of 
buildings. 
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SimStadt is being developed in the framework of a project funded by the German minister BMWi. The open format 
CityGML is the basis of design of SimStadt, which integrates the concept of Level of Details (LoD) of CityGML [11] 
and give the users the possibility to enhance the analysed virtual 3D city model, based on local building libraries and 
pre-processing functions. For the purpose of urban energy simulation, CityGML has been extended with an Energy 
Application Domain Extension (Energy ADE), developed within an international consortium of urban energy 
simulation and modelling experts. 
 
Fig. 5. Four levels of detail of CityGML (Groeger et al., 2012, page 72, Source: Karlsruhe 
Institute of Technology (KIT)) 
 
Another main design characteristic of SimStadt is its modular workflow-driven structure. Each workflow is built 
as a suite of unitary modules called workflow step, whose hypotheses, parameters and intermediary results are made 
explicit in the Graphical User Interface (GUI). Thus, the dynamic building model has been integrated inside a 
workflow as a workflow step: 
 
 
Fig. 6. Workflow schema 
 
The dynamic energy calculation workflow starts with the pre-processing of the input data. This pre-processing is 
done for every single building available in the 3D city model: 
x the Geometric Preprocessor, extracts the relevant geometrical information from the CityGML files, such as the 
volume and type of each zone, area and orientation of the boundary surfaces etc., 
x the Building Physics and Usage Preprocessor, enhances the model with physical parameters and with occupant- 
related parameters as occupancy schedule, set-point temperatures, air change rate etc., stored in a Building 
Typology Library, 
x finally the Weather Preprocessor, supplies the model with weather-related values for every hour of the year, as 
ambient temperature, irradiation hitting each external wall (taking into account shadows), wind speed… 
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The second step in the workflow is the generation of a dynamic physical model for every single building. 
Depending on the quality of the data available, the physical model produced is also LoD2, LoD3 or LoD4. This 
physical model cannot be used if the LoD of the data model is lower than 2. 
Then, the models are sent to INSEL, one by one, to do the calculus. Currently, the results provided by the calculus 
are internal temperature and thermal demand in every zone. 
Finally, these results are displayed in different ways to facilitate their analysis. 
 
4. Conclusions 
 
A new highly modular and extremely flexible dynamic building simulation model has been developed and validated 
with experimental results. The main goal of the model development was to enable direct parameter transfer between 
3D CityGML urban geometry data models and energy related parameters required for building simulation. This direct 
transfer has been successfully achieved allowing the automation of the definition of physical building models. 
The physical building model adjusts to the data available in each case and automatizes the parameters setting, 
reducing strongly the time consumption. 
The validation reported really good results, being in both cases of the IEA 58 experiment, the errors in the calculus 
of the internal temperature lower than 1.5°C almost always. 
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